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radicals and those formed from F1 by C02-and eaq-on the 20-50-ps time scale cannot be fortuitous and leads to the conclusion that equilibrated -FlH/.Fl-is the product in each case.
While studies of the oxidation of FlH-are clearly of intrinsic value, the technique used here is relatively complex. Thus in our view reduction of F1 by COT remains the preferred method for spectral studies in flavin semiquinones. The spectra thus formed have not been found to exhibit any dependence on formate ion concentration in the range 10-200 mM. This, taken with our present observations in the complete absence of formate, indicates that perturbations of the spectrum by HCOT must be minimal, if not negligible.
As pointed out in Results there is some evidence for a minor perturbation of the .Fl-spectrum by 0.1 M Br-at pH 1 1. It occurs in the region 410-480 nm, the same region where perturbation by RS-was observed to be strong. At pH 7 the spectral perturbation by RS-is much weaker, implying a weaker complexation." The behavior with Br-seems to parallel that of RS-, since again at pH 7 there was no real evidence for a long-lived enhancement of the absorbance in the 410-480-nm range. However, it is interesting to note that the large error bars in that region in Figure 4a were required because the AA vs. time traces in that range approached steady values more slowly than at all other wavelengths. Detailed examination of this would require further studies on shorter time scales. However, it may be noted that polarization of B r p on approach would cause the atom of highest negative charge to be furthest from FlH-. That atom might separate as Br-, leaving the second neutral Br to accept the electron. Its slower departure might be responsible for the slower spectral changes in the 410-480-nm region.
Registry No. Br,-., 68565-50-4 ; N,., 12596-60-0; RS., 68570-60-5; C02-., 14485-07-5; KBr, 7758-02-3; NaN,, 26628-22-8 ; HCOT, 7 1-47-6; dihydrolumiflavin, 23542-56-5; lumiflavin, 1088-56-8 ; monohydrolumiflavin radical, 641 35-79-1; dihydrolumiflavin radical anion, 34533-61-4.
Introduction
In the past a large number of studies have been devoted to the changes brought about by addition of water to anhydrous phosphatidylcholines, e&, dimyristoylphosphatidylcholine (DMPC) and dipalmitoylphosphatidylcholine (DPPC) . Besides thermochemical methods, many of these studies involved the extensive use of vibrational spectroscopy to monitor conformational changes in the hydrophobic chains and/or differences in intermolecular interactions caused by changing interactions among head groups of neighboring molecules.' These changes, in turn, were described as consequences of alterations in dielectric properties in the head group region. Possibly, however, partially obsolete interpretations of IR and/or Raman spectral changes have been used in (at least) a number of cases2 Also, 31P N M R studies were performed on this subject but these were necessarily concerned with the head groups excl~sively.~ Another interesting problem concerning bilayers is related to incorporation of molecules like cholesterol or proteins. The influences of, e.g., cholesterol on bilayers has been the subject of many s t u d i e~.~ It has also been known for some time now that cholesterol, intercalated in vesicular DMPC or DPPC, is partly immobilized, at least to the extent that 13C NMR signals cannot be obtained in high-resolution experiments for all but a few carbon atomsSs
In a previous study in these laboratories we showed that this kind of immobilization of solubilized molecules in vesicular DMPC is not confined to molecules such as cholesterol and proteins but can also be found for detergents like n-alkyltrimethylammonium bromides where the effective head group area is comparable to that of the lecithins6 It would certainly be of interest to investigate whether this property carries over to unsonicated, lamellar (3) R. G. Griffin, J. Am. Chem. SOC., 98, 851 (1976 The present contribution presents a I3C CPMAS N M R study of anhydrous DPPC, mono-and dihydrated DPPC (often referred to as "gel" phase although this is questionable), and to multilamellar bilayers in the gel phase with special emphasis on the above-mentioned two aspects of the addition of water to anhydrous lecithins and of the intercalation of detergents in such bilayers. In both cases the attention will be directed mainly to the hydrophobic acyl chains.
Experimental Section
DPPC was purchased from Supelco, Inc. C14TAB was prepared from the corresponding bromide by reaction with trimethylamine in an alcoholic solution. Purities were checked by TLC. Multibilayer dispersions of DPPC were prepared, starting by the evaporation of a chloroform solution of the lecithin to dryness under a stream of argon. Residual traces of organic solvent were removed overnight at 60 " C and ca. 5 X lo4 atm. Each sample was dried independently (no "stock" dry DPPC was used). Anhydrous DPPC was transferred to the rotor under nitrogen. DPPC.xH,O was prepared by immediate addition of the required amount of deionized water to anhydrous DPPC, after which the sample was transferred to the rotor. The rotor was then spun at ca. 2.5 kHz for ca. 1 h prior to starting the N M R experiments.
The Andrew rotor naterial was either Delrin or boron nitride. Teflon caps were used which provided efficient sealing of the rotor by radial expansion during rotation. TLC was used to check that no sample deterioration occurred during the N M R experiments.
No loss of water could be detected by weighing the filled rotors before and after the N M R experiments. The latter two points were also checked independently by running series of spectra under identical conditions over prolonged periods, e.g. ten spectra in 10 h at 2.5-kHz frequency MAS rotation.
Mixed multibilayer dispersions of DPPC and n-tetradecyltrimethylammonium bromide (C14TAB) were prepared similarly by drying chloroform solutions containing the appropriate amounts of both constituents. The amounts of added deionized water were calculated with respect to the total amounts of DPPC and C14TAB on a molar basis.
13C CPMAS N M R spectra were run at 75.476 MHz on a Bruker CXP-300 spectrometer. Chemical shifts were related to Me4Si by using adamantane as a secondary reference compound. Field drift was less than 0.1 ppm (long term) and less than 0.02 ppm in a period comparable to the time necessary to run a typical experiment. Typically, 4 000 to 60 OOO transients of 1 K data points were accumulated and zero-filled to 32K points prior to transformation. The spectral width was 17 kHz. Single contacts were made. The pulse delays varied from 4 s for anhydrous samples to 15 s for hydrated samples. Using shorter pulse delays in the latter case resulted in too much heat generation in the sample, causing phase transition(s) and consequently rotor instability (see below). A B, field of ca. 20 G was employed (x/2 pulse durations of 3 /.is). The acquisition times were limited to 29 ms; longer times also caused too much heat development. The contact times were 2-5 ms during the hydration studies, giving reasonably constant overall spectral intensities. During the measurements of TI, values the contact times were variable. In practice this also meant an optimalization for the observation of methyl signals where the resolution is maximal. It was checked independently with some low-melting hydrocarbons and with some other compounds as well that rotor instabilities (see above) after a smooth start were invariably caused by melting of the rotor contents. The same behavior could be "provoked" with hydrated DPPC by using shorter pulse delays and/or longer acquisition periods with dipolar decoupling. We therefore conclude that stable rotation, at least in our experimental setup, is only possible with DPPC in the gel, rather than in the liquid crystalline phase. A direct measurement of the sample temperature is not feasible. In view of the above and of the fact that DMPC.2H2O could not be measured under these conditions, we estimate that the sample temperature was 33 h 5 "C. Furthermore, it was shown that the use of dipolar decoupling was needed7 in order to obtain high-resolution quality spectra, also the signal-to-noise ratio suffered severely when no high level decoupling was used.
It was demonstrated recently by Schaefer and Stejskall that in the liquid crystalline state dipolar decoupling does not bring about improvements in either the resolution or the signal-to-noise ratios, contrary to gel phases.' This can be construed as supporting the statement concerning the aggregational state of the single and mixed DPPC multilamellar systems investigated here.
Discussion
Some time ago 13C CPMAS N M R spectra of DMPC and of DPPC multilamellar bilayers were published by Griffin et a1.* Apart from an overall apparent shielding which may well have been caused by referencing problems (the N M R chemical shifts in this study are refered to Me4Si via the secondary standard adamantane), our experimental results are in general agreement with theirs with the possible exception of C3 of the glyceryl moiety. We find a chemical shift very close to that reported by Griffin et al. for the supposedly liquid crystalline phase of DMPC.
Moreover, we found this same signal also in spectra of DMPC, measured with long pulse delays and thus, in our opinion, in the gel phase. Finally, the use of dipolar decoupling turned out to be mandatory in our experiments, without decoupling very broad "powder-type" lines were ~b t a i n e d .~ At present, we are unable to explain this small discrepancy between our results and those of Griffin et al. definitely,8 unless the assignments of C, and C3, as given in the legend of Table I of Griffin, are taken as the correct ones. An alternative explanation is suggested that the DMPC and the DPPC measurements of Griffin et al. have been obtained above and below the respective pretransition temperatures.
The effects of adding small amounts of water to anhydrous phosphatidylcholines aroused considerable interest in the past.
Pearson and Pascher performed X-ray studies on crystalline hydrates of Dh4PC.9 They stated that the first two water molecules will reside in the head group region exclusively and that one of the main functions is to "shield" the anionic POz-moieties. It should be realized, however, that also the structures of the crystalline hydrates differ with water content. 31P NMR measurements by Griffin et al. are in accordance with rotation of the PO4-moiety as a whole upon addition of 1 to 2 mol of water per lecithin (5-10% w/w). Neutron diffraction work by Biildt'O indicated that water does not penetrate beyond the C3 atom of the glyceryl moiety and electrostatic interactions between head groups diminish accordingly. Some of these results were corroborated recently by Albon et al." See, however, also the more recent Raman studies by Levin et al.IlC The most comprehensive description of adding water to amorphous, anhydrous lecithins was given by Levin et al. using de Haan et al. Raman spectr0scopy.l The first water molecule was claimed to selectively hydrate the more exposed sn-2 carbonyl group.' Furthermore, comparisons were made with the earlier studies, cited above.
The addition of two, and especially of four, water molecules, however, was in their view sufficient to provoke rotations within the glyceryl backbones with a concomitant growing equivalence of the sn-1 and the sn-2 chains. This process would go hand in hand with the appearance of more intrachain disorder, i.e. the formation of more gauche conformations in the alkyl chains: "a dramatic decrease" in the ratios of trans and gauche markers was found.
Our own studies reveal that, within experimental uncertainties, the same 13C N M R chemical shifts are found for anhydrous and for hydrated DPPC with the sole exception of the carbonyl signals. With increasing amounts of water (maximum ca. 7%, see Experimental Section) the two signals merge into one single absorption, see Table I . This is additional evidence that the first two molecules of water are preferentially in the vicinity of the carbonyl groups. It underscores also the point of indistinguishability of the two chains at these positions as put forward by Levin et al.] No indication of changing head group or glyceryl backbone conformations can be obtained from our results, however.
If we return to the intrachain disorder, described by Levin et al.,I it is clear that changes of the magnitude claimed by Levin should have resulted in a clear shielding of the hydrocarbon parts of the acyl chains over their entire length. This should still be augmented by the "unpacking" of the chains, necessary to enable the extra kinking. The total estimated shielding is ca. 1 ppm.6 For comparable conclusions, see ref 12 and 13. Such an overall shielding is, however, not observed, see Table I . Since the study of Levin,' the use of IR and Raman criteria has been amended considerably.2 It is a definite possibility that, instead of timeaveraged situations like conformational equilibria, in fact rates of Occurrence and/or time scales of certain motions change upon addition of water to amorphous lecithins. Tentative N M R investigations of the type discussed below for mixed bilayers indicate this. Of course the time scales, and thus also the nature and background of motions, influencing vibrational spectra differ considerably from those inherent in 13C NMR.
Upon addition of n-tetradecyltrimethylammonium bromide (C14TAB) to DPPC bilayers no significant changes in 13C N M R chemical shifts were noted, neither for DPPC nor for C14TAB. Altogether, six different mixed bilayers were investigated varying in CI4TAB concentrations from 10 to 80 mol %. In all mixed bilayers as well as in the reference single bilayer systems 2 mol of water per mol lecithin and/or detergent were added. Obviously, no appreciable changes in conformational equilibria (and/or packing; see, however, below) take place. Presumably, all three chains are in the all-anti conformation in the single systems and remain so in the mixtures. A peculiar point is the marked deshielding by ca. +2.4 ppm of only C, of CI4TAB with respect to the sn-1 and sn-2 C,'s of DPPC. Since no differences in head group induced average conformations are likely (see above) we surmise that this difference is due to the extra tight packing of the C,,TAB molecules, even with respect to DPPC chains as a consequence of the smaller head group area in C14TAB. It is known that 13C N M R signals of methyl groups are more susceptible toward changes in packing densities than those of methylene groups.12 The extra tight packing exists in single C14TAB bilayers as well for C14TAB in the mixed DPPC/C,4TAB systems investigated in the present study.
Besides 13C N M R chemical shifts, also I3C N M R cross-polarization characteristics and 13C rotating frame relaxation times ( TI,(I3C)) were measured in order to help to clarify any motional changes taking place in the mixed systems with respect to the single systems. In spite of the intrinsically high resolution obtained in our CP MAS with dipolar decoupling experiments, we limited the main part of the dynamic study to the methyl regions where the spectral resolution for the head groups as well as for the chain ends is maximal. It has become clear from the recent work of Boroske and Thrahms14 that, although differences in proton dipolar order between methyl and methylene groups cause a constantly larger T1,(I3C) value for the methyl signals, the changes in the values are similar upon passing the various transition temperatures. We assume that the same is true for mixing phenomena. Again, mixed DPPC/C14TAB systems with 2 mol of water were used. In these systems, practical problems inherent in the use of highpower decoupling levels can be overcome most easily. The results for the terminal methyl groups of DPPC show clearly that incorporation of 50 mol % CI4TAB into DPPC bilayers causes the T1,(13C) value (average for sn-1 and sn-2) to rise from ca. 30 to (12) ca. 43 ms. The corresponding value for CI4TAB could not easily be measured but appeared to increase as well (see Table I1 and Figure 1 ).
For comparisons with similar reports in the literature one is limited to the studies of Schaefer and Stejskall' and those of Cornell et al.15 Both studies concern, however, liquid crystalline phases, while in the latter study T,,('H) values rather than TI,(l3C) values were reported. If we assume that T1,.values of IH and 13C react in the same way to changes in mobilities, both studies point to enhanced lecithin mobilities (smaller T1, values) upon incorporation of cholesterol in DMPC and of rhodopsin in DLPC. The two studies disagree on the point of changes in mobilities at higher frequencies monitored with TI values. The essentially flat molecular shape of cholesterol requires that the lecithins immediately surrounding cholesterol ("boundary lipids") adapt their conformational equilibria and/or mobilities. This situation differs considerably from that concerning CI4TAB. The all-stretched polyunsaturated chain of retinal in rhodopsin resembles C14TAB (or lecithins) more. Furthermore, the modes of incorporation, intercalation or solubilization, might differ as well among cholesterol, rhodopsin, and C14TAB. Since crosspolarization characteristics of lecithins in the gel phase containing either cholesterol or rhodopsin have, as yet, not been reported to our knowledge, all comparisons must be considered tentative.
This having been stated, we nevertheless conclude that upon incorporation of C14TAB into gel-phase DPPC bilayers, the mobilities of the sn-1 and sn-2 chains on the 10-5-104 s time scale are diminished with respect to the single DPPC bilayers. It should be stressed that in the present work both T,,(13C) and T,,('H) It thus can be concluded that upon incorporation of CI4TAB into DPPC unsonicated bilayers in the gel phase, the changes in mobilities are in the opposite direction to those obtained earlier, see above. In view of the discussion above we conclude that this is due to the fact that our measurements have been carried out in the gel phase instead of in the liquid crystalline phase.
Furthermore, the mobilities in the DPPC chains in the lowfrequency range, 10-102 Hz, change upon incorporation of Cl4-TAB. From an estimated 0.5 ms for DPPC bilayers the TCH value grows to ca. 3 ms for a 1:l (molar) mixture of DPPC and CI4TAB and eventually to ca. 7 ms for a mixed bilayer containing 20 mol % DPPC. This represents a clear increase in motional freedom for the DPPC chains since the CH3 groups, by virtue of their fast rotations around the threefold axis, are less susceptible than, e.g., methylene moieties close to the head groups, where the local proton dipolar fields are considerably higher.
In relation with our previous experiments of C,TABs solubilized in DMPC vesicles,6 it is quite obvious that in unsonciated, multilamellar mixed bilayers of DPPC and C14TAB also "squeezing" interactions are enforced on C14TAB by DPPC. This is evident from the approximate fourfold increase in the Tl,(l3C) value of the head group methyls of CllTAB upon solubilization in DPPC. The T1,(I3C) value of C14 increases also, albeit to a smaller extent.
The same differences in packing may also be responsible for the increased mobility of the CI4TAB chains in mixed systems with respect to the single aggregates (see Tl,(H) changes in Figure  1 ). The opposite was observed in vesicular DMPC/C14TAB systems6
It should be kept in mind that for the head group methyls of C14TAB the local proton dipolar fields will be lower than for the centers of the chains. In contrast to the results obtained for mixed DMPC/C,TAB vesicles, where it was demonstrated that solubilization of limited amounts of C,TAB increases the head group mobilities of the lecithins around their CH2-CH2 choline bonds, it is clear that in the unsonicated mixed bilayers of DPPC-C14TAB the DPPC head groups are restricted in their mobilities by the C14TAB solubilizates. This is due to the fact that the relative positions of the lecithins in the multilamellar phase are, especially in the head group regions, different from those in vesicles where the curvature is much more pronounced.
values of DPPC C, show the same trend (see -Table I1 and ggure 1).
